An acidic protein has been extracted from sarcoplasmic reticulum with KCI and deoxycholate. believe that it is a major binding site for calcium in sarcoplasmic reticulum. We propose that the protein be designated Calsequestrin.
of 44,000 and contains 392 amino acid residues per molecule, of which 146 are either glutamic or aspartic acid. No phosphorus, sialic acid, or lipid has been detected in the preparation. The protein has been shown to bind up to 970 nmol of Ca'+ per mg (43 mol/mol) at pH 7.5, with an apparent dissociation constant of 4 X 10-5 M. Preliminary data indicate that the protein is unique to sarcoplasmic reticulum and that it is hydrophobically bonded on the interior of these vesicles. The protein is believed to play a role in sequestering calcium within sarcoplasmic reticulum. The name Calsequestrin is suggested for the protein.
Contraction and relaxation of muscle is controlled by the free Ca++ content of the tissue (1) (2) (3) (4) . Relaxation is initiated when Ca++ is transported into sarcoplasmic reticulum, where it is sequestered; contraction is initiated by the release of Ca++ from these storage points. The sites of Ca++ binding in sarcoplasmic reticulum have not yet been identified.
A Ca++-activated ATPase has been shown to be part of the Ca++-transport system of sarcoplasmic reticulum, since the activity of this enzyme can be correlated with Ca++ transport (5-7). We have purified the ATPase (8, 9) ; it consists of a single protein, of molecular weight 102,000, and an additional 45,000 daltons of lipid. The enzyme catalyzes a (Ca++ plus Mg++)-dependent ATP hydrolysis, as well as an ATP-ADP exchange, and it is phosphorylated in the presence of Ca++. The three activities are purified 3-to 3.5-fold over the activities found in sarcoplasmic reticulum; on this basis, we estimate that ATPase protein makes up some 30% of the total protein of sarcoplasmic reticulum. The ATPase is a membrane-forming enzyme (9) , but the membranes are not capable of storing Ca++ to any extent (8) . In believe that it is a major binding site for calcium in sarcoplasmic reticulum. We propose that the protein be designated
Calsequestrin.
MATERIALS AND METHODS
Preparation of the calcium-sequestering protein
Step 1. Sarcoplasmic reticulum was prepared from two 14.4-kg albino rabbits and was extracted with deoxycholate as described (8) , except that dithiothreitol (1 mM) was present during the extraction and the supernatant, after centrifugation at 165,000 X g, was retained as the source of the binding protein. The deoxycholate extract (about 80 ml) was dialyzed, first for 4 hr and then for 18 hr at 12'C, against 3 liters of 5 mM Tris * HCl, pH 7.5. At 4 and 22 hr, insoluble protein was removed by centrifugation at 165,000 X g for 30 min.
Step 2. The supernatant solution (35-to 40-ml aliquot) was passed through a 1.5 X 18 cm column of DEAE-cellulose and the column was eluted with 400 ml of 5 mM Tris -HCl, pH 7.5, that contained a linear gradient of KCl from 0 to 0.7 M. The last peak to be eluted, at a KCl concentration of about 0.48 M, was collected, concentrated by ultrafiltration under pressure (Amicon Diaflo apparatus) to 8 ml, and dialyzed overnight against a solution of 0.15 M KCl-0.01 M Tris -HCl, pH 8.0.
Step 3. The dialyzed sample was passed through a 2.5 X 40 cm column of Sephadex G-200 equilibrated with 0.15 M KCl-0.01 AM Tris HCl, pH 8.0. Material absorbing at 280 nm was eluted in a sharp peak at the void volume, in a second symmetrical peak, and in a tail following the second peak. Fractions making up the second symmetrical peak were collected, concentrated by Diaflo filtration to 10 ml, and dialyzed overnight against 10 mM potassium phosphate, pH 7.0.
Step 4. The dialyzed sample was applied to a column (7 g) of hydroxylapatite (Biogel HTP) equilibrated with 10 mM potassium phosphate pH 7.0. The column was eluted with 400 ml of a linear gradient of potassium phosphate from 10 to 600 mM. The last peak to be eluted, at a phosphate concentration of about 330 mM, was concentrated to 5 ml and dialyzed overnight against a solution of 5 mM Tris .HC1, pH 7.5. The solution, containing purified protein (about 1 mg per ml), was stored at -20°C.
Analytical methods
Calcium transport was measured (10) at a protein concentration of 200 ug/ml. After 10 min at 24°C, 0.5 ml was filtered through a 0.3-um Millipore filter. The filter was washed with 5 ml of 0.15 M NaCl and examined in a scintillation spectrometer. Ca++ binding was also measured by equilibrium dialysis. In a standard assay, 0.4 mg of protein in 0.4 ml was dialyzed for 40 hr at 12'C against 100 ml of a solution of 5 mM Tris -HC1 (pH 7.5)-0.1 mM CaCl2, to which was added 45Ca++ (to a specific activity of [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] cpm/nmol). Samples were dissolved in "Aquasol" (New England Nuclear) and counted in a scintillation spectrometer. Protein was determined by the Lowry method (11) . Under these conditions, binding of calcium was exactly proportional to protein concentration over a range of 0.25-1.0 mg/ml. Molecular weight was measured by gel electrophoresis (12) and by gel filtration on Sephadex G-200 equilibrated with 150 mM KCl-10 mM Tris * HCl, pH 8.0 (13) . Sialic acid content was measured (14) after digestion of samples in 0.1 N H2SO4 at 80°C for 60 min, or by the method of Svennerholm (15) . Phosphorus was measured by the method of Chen et al. (16) . Amino acid analyses were performed (17) on a Beckman 120C automatic amino acid analyser. Cysteine and methionine were analyzed as cysteic acid and methionine sulfone after performic acid oxidation (18) .
RESULTS AND DISCUSSION -ATP, -oxalate 1 1 The complete reaction mixture contained, in 1.0 ml, 20 ,umol histidine (pH 7.5), 50 umol KCl, 5 ,umol MgCl2, 0.5 umol ethyleneglycolbis(i-aminoethylether)-NN'-tetraacetate, 0.5 umol 4Ca-C12, 5 jmol potassium oxalate, and 5 ,umol ATP. The reaction was begun by the addition of 200 uAg of protein and stopped after 10 min at 24°C by filtration of 0.5 ml on a 0.3-,um Millipore filter. The filter, which retained protein and protein-bound 45Ca ++, was washed with 5 ml of 0.15 M NaCl and counted in a scintillation spectrometer. The ATPase enzyme was prepared (8) and converted to the membranous form (9 (Fig. 2) . Reciprocal plots (19) for Ca++-binding activity are shown in Fig 3; a dissociation constant of 4 X 10-' M was calculated.
Below pH 7.5, the amount of Ca++ bound fell rather sharply (Fig. 4) . The ATPase activity of sarcoplasmic reticulum was also found to decrease rapidly at pH values below 7.5 (8) . These data suggest that both calcium binding and ATPenergized Ca++ transport are decreased as pH values are lowered. Such conditions should lead to increased Ca++' release from the sarcoplasmic reticulum. The release of calcium has been reported to decrease at low external pH when the ATP supply is used up (20) . However, the effect of pH changes in vivo in the presence of adequate ATP may differ from the effects described in vitro.
In vitro binding was sensitive to proteinases such as Nagarse and trypsin, but was relatively insensitive to sulfhydryl reagents and to heat (Table 3) . Only a 20% loss in binding was observed after the protein was boiled for 4 The protein was strongly anionic, as judged by its pattern of elution from DEAE-cellulose. Nevertheless, it was found to be devoid of phosphorus and to contain no material soluble in chloroform-methanol 2:1. No sialic acid was detected by the method of Warren (14) and less than 20 nmol of sialic acid Binding was measured as in Table 2 , except that other reagents were added to the dialysis buffer as indicated. Digestive enzymes were present within the dialysis bag; heating of protein was done before dialysis. (15) . The bulk of the acidity could be accounted for by glutamic and aspartic acid residues in the protein ( Fig. 4 ).
Localization of Calsequestrin
We have been unable to isolate Calsequestrin from the cytoplasmic solution from which sarcoplasmic reticulum was isolated. We have also been unable to detect the protein in troponin, prepared according to the method of Yasui, Fuchs, and Briggs (22), or in deoxycholate extracts of bovine heart mitochondria. The protein appears, therefore, to be uniquely located in the sarcoplasmic reticulum of muscle tissue. The protein was not released from sarcoplasmic reticulum by sonication in the presence or absence of 1 M KCl. This fact would suggest that it is not electrostatically bonded on the exterior or interior of the vesicle. The protein was solubilized quantitatively by deoxycholate in the presence of 1 M KCl; this would suggest a hydrophobic bonding to the sarcoplasmic reticulum membrane. It was not removed from sarcoplasmic reticulum by extraction with 3.5 M NaBr, a chaotropic solution that will selectively remove headpieces from mitochondrial inner membranes (23) and that should remove hydrophobically bonded protein from exterior surfaces of reticulum membranes. These data suggest that the protein is hydrophobically bonded on the interior of sarcoplasmic-reticulum membranes. Once freed from the membrane, the protein behaves as a highly charged, soluble molecule.
Physiological role of Calsequestrin
The physiological role of the protein is not now known. Ca++-binding sites resistant to salt washing and equivalent to at least 80 nmol/mg of protein are required to account for Ca++ sequestration in the sarcoplasmic reticulum (see Table 1 ). The ATPase has 10 high-affinity sites per mg of protein (9) In recent years a number of "binding proteins" have been isolated from the periplasmic space of bacteria (27, 28) , from mitochondria (29) , and from intestinal epithelia (30 Calsequestrin is 4 X 10-6 M, while the dissociation constant for substrate binding to binding proteins is in the range of 10-6 to 10-7 M. The dissociation constant for substrate binding is usually identical to the dissociation constant for substrate transport. In this case, however, the dissociation constant for the Ca++-transport system is 10-7 to 10-8 M, while the dissociation constant for Ca++ binding is only 4 X 1O-5 M. The calcium-binding function of Calsequestrin, therefore, could not aid in the process of lowering the cytoplasmic Ca++ concentration to the concentration of 10-7 M seen under conditions of muscle relaxation (1-4) . The binding function could only be observed at high Ca++ concentrations, such as would be found in the interior of sarcoplasmic reticulum. (d) Calsequestrin is tightly bound to the membrane, while binding proteins are loosely bound or free in periplasmic spaces.
The apparent localization of Calsequestrin on the interior of the membrane and the ability of the protein to sequester Ca++ with a dissociation constant intermediate between that of the transport ATPase (less than 10-7 M) and the dissociation constant of a number of membrane preparations (10-s M) (31) lead us to propose that the protein is a major site of calcium sequestration in the interior of sarcoplasmic reticulum membranes.
